Broadcast genlock is currently achieved using an analog video signal as the reference. As facilities progress towards new video formats, and also become multi-format, the use of a single analog video reference becomes progressively less appropriate. Genlock systems need to translate from the reference to the desired production format, involving complex ratios of frequency and timing. There is also no standard for the phase relationship between different video formats, although this may be important in multiformat facilities.
INTRODUCTION
A video production facility might support video at SD, HD, 2K and even UHDTV and 4K, at a selection of frame rates.
The audio is multi-channel, with strict requirements for inter-channel synchronisation.
Currently this is all held together by an analog PAL or NTSC genlock signal -often the only analog signal in the entire facility. Additions and extensions to the genlock signal allow equipment to decode superimposed bit streams and determine where they are in short multi-frame sequences, the 10-field video to audio synchronisation sequence for example, but these are running out of steam as the industry adopts an increasing number of formats and frame rates, including slo-mo and super slo-mo.
As well as challenging the use of analog signals for genlock, these new formats also require an improved mechanism for time code. Current time code was only designed to work up to 40 frames per second, and has had to be extended for frame rates up to 80. With 100 and 120 now upon us, we either stick on more band-aids or adopt a new approach.
The IT industry has a solution: IEEE 1588, the Precision Timing Protocol (PTP) can distribute time via IP and Ethernet with a high degree of accuracy, and with global synchronisation. It has scope of hundreds of years, and nanosecond precision. A video signal locked using PTP to a reference such as GPS will have the same timing wherever it is in the world. All video formats, and audio, can be automatically aligned with a defined and consistent phase relationship. Time labels can have microsecond accuracy, and can all be referenced to a common moment in time, or epoch.
PTP TIME DISTRIBUTION
PTP is a mechanism for distributing time over a network with a high level of accuracy, in spite of the delays incurred by network communication. Figure 1 shows a delay capture over a 6 hour period from a GbE network consisting of 10 switches, with a 20% load in each direction. The red dots are packet delays from the PTP master to the slave, the blue dots are from the slave to the master.
The first thing you will notice is that the minimum delay is around 30 μs. This is the accumulated delay through the switches. You will then see that, even at a modest 20% network loading, a number of the packets are delayed longer than this; some by up to 70μs.
When the network loading rises to 50% in both directions, the distribution changes, as shown in Figure 2 . Very few packets are now at the minimum delay.
When the loading reaches 80% the situation changes again, as shown in Figure 3 . There are now no minimum delay packets.
The distributions of delays for the three cases are shown in Figure 4 .
It is evident that the network delay is very variable with network loading, and a mechanism is needed to compensate for it. PTP does this by dynamically measuring the network delay. 
How PTP Works
A PTP based timing setup consists of a grandmaster, which distributes the time around the network, and a number of slaves. The grandmaster periodically sends sync packets to the slaves, telling them the 20% Loading time. If the network delay was known and consistent, this would be enough. Each slavecouldsimplybemanually programmed to add the network delay to the time received in the sync packet, in much the same way that a current genlock system works. But as the network delay is both large and variable, an automated system is needed.
50% Loading PTP slaves periodically send delay request messages to the grandmaster. These messages are time stamped on receipt by 80% Loading the grandmaster, and the time of receipt is sent back to the slave in a delay response message. The slave now knows the message, t 2 . It then sends a delay request message, noting the time it sent it, t 3 . The master time stamps it at its arrival time t 4 , Figure 5 -Timing Diagram for Sync and sends a delay response packet with Messages the value of t 4 to the slave. The slave now knows the master-to-slave time difference,In practice the sync messages and the delay request messages are not directly related, and they can occur with different frequencies. As long as the slave can keep a running estimate of the time difference in both directions, it has the information it needs to control its clock.
THE APPLICATION OF PTP TO BROADCAST
In broadcast we are accustomed to a genlock system with a very high level of accuracy and consistency. The analogue black-and-burst signal, which is still the most commonly used timing reference, contains timing pulses at around 15 kHz, and is capable of subnanosecond accuracy. Equipment which genlocks to black-and-burst assumes that the signal will be extremely reliable, and indeed an interruption to the timing reference signal will quickly cause potentially chaotic misalignment between pieces of equipment.
A move to PTP demands a new look at the actual requirements, and how they will be implemented. PTP is a very flexible technology, and allows for different profiles for different applications. The SMPTE New Sync System group, which is part of working group TC32NF80, is nearing completion in specifying a PTP profile for broadcast use. The SMPTE standards for sync and timing are numbered ST 2059. The PTP profile is SMPTE ST 2059-2.
The SMPTE PTP Profile
A PTP profile consists of many parameters, which are selected based on the needs of the application and the characteristics of the network.
For each parameter a range of allowable settings is defined, along with a default setting.
These parameters include the way in which masters and slaves interface with the network, and the frequency of the various types of messages (sync messages, delay request messages and management messages). They are chosen to allow the required PTP performance within the constraints of the expected network capabilities.
A PTP profile can also include application specific metadata, encapsulated in PTP management packets.
Network Setup
In PTP every attached device is a clock. PTP allows for any clock to be the grandmaster. When a new device is attached to the network it can declare itself as a high quality time source, and the current grandmaster may hand over to the new one. Each clock broadcasts a number of parameters indicating its fitness as a grandmaster. This feature of is called the Best Master Clock Algorithm (BMCA).
In broadcast we have firm ideas about which pieces of equipment are the timing masters and which are the slaves. Slave clocks are defined as such, and do not enter into competition with grandmasters. This saves on network traffic and reduces lock time. The BMCA can be used, however, to automate switching between redundant grandmasters
Timing Accuracy
As it is impossible to achieve the deep-sub-nanosecond alignment required for synchronous switching of serial digital video, all video equipment which is sensitive to signal timing has synchronising buffers on its inputs. This eases the output timing specification for genlocked signal sources. The SMPTE PTP profile specifies a timing accuracy of 1 μs.
Lock Time
Lock time to black-and-burst is very quick. Frequency lock and phase lock are typically achieved within a video frame. PTP is a very much more complex system, requiring a few seconds just for a newly attached slave to discover the grandmaster and identify itself. The SMPTE PTP profile is designed to enable a lock time of 5 seconds from attachment of a slave to an existing network.
It is recognised that initial lock time of all slaves when the entire network is starting from cold will take considerably longer than this, but in this case there are almost certainly other factors that require time, and the PTP timing should not be the rate-limiting factor. Figures 1 to 4 indicated the PTP message delay in a network with symmetrical loading. The PTP network delay measuring algorithm depends on symmetrical loading to be accurate, as it measures the round trip delay and halves it for its master-to-slave delay compensation.
SYSTEM ERRORS AND MANAGEMENT TECHNIQUES
It can be seen that any asymmetry in network loading will lead to considerable differences between master-to-slave and slave-to-master packet delays, creating timing errors well in excess of the 1 μs timing specification. Broadcast networks that carry essence can be expected to be strongly asymmetric as large file transfers, or live video streams, start and stop. This variability of network loading, and therefore packet delay, can be managed using specialised network switches, intelligent slave algorithms, or a combination of both.
Specialised Network Switches -Transparent Clocks and Boundary Clocks
Network switches can include mechanisms to reduce the problem of PTP packet delay.
A transparent clock built into a switch recognises PTP packets and time stamps them on arrival and departure. It then adds the difference to a correction field to the PTP packet thereby informing a downstream slave of the delay incurred, so it can be used in the delay compensation calculation. Any subsequent transparent clocks also update this correction field, adding their measured delay. It can be seen that this architecture can be effective, as long as all switches use transparent clocks.
A boundary clock consists of a PTP slave at the input of the switch and a PTP master at the output. The boundary clock effectively by-passes the switch delays, presenting each port with direct access to a PTP master.
Figure 7 -A Boundary Clock

Intelligent Algorithms
In uncontrolled environments, for example wide area networks, including the public internet, it is not possible to equip every switch with a transparent clock or a boundary clock. In this case asymmetries in the network delays can very easily exceed the 1 μs accuracy requirement, and the slave needs to employ more sophisticated algorithms for estimating the master-to-slave delay than just halving the round-trip delay. These can be very effective, but require time to acquire enough packet delay data to analyse. In this case a lock time of a few seconds is an unrealistic expectation; a slave may need several minutes to acquire enough data for reliable lock.
GENERATING VIDEO, AUDIO AND TIME CODE FROM PTP
Assuming that we now have local time at the PTP slave that matches Grandmaster time to within 1 μs, how do we use it? This information is contained in SMPTE ST 2059-1, which defines the generation of interface signals and their alignment to the SMPTE epoch.
Timing Phase Alignment
PTP defines time as seconds and sub-seconds since a defined epoch.
By specifying every media format as being epoch aligned, i.e. having a defined phase at the time of the epoch, we can know the phase of any format at any time.
SMPTE defines an epoch of 1970-01-01T00:00:00TAI. It also defines the phase of every video and audio format at that time.
Video frames are defined as being at the start of the analogue vertical sync period at the epoch. For those formats which never had an analogue incarnation, an equivalent point in the frame has been defined. Multi-frame sequences, such as the PAL and NTSC colour sequences, are defined as starting at the epoch.
Audio is defined as having a sample point at the epoch, and the AES serial audio format is defined as having a Z bit at the epoch, so the audio block is epoch aligned.
Time Code
PTP gives us time since the epoch, with as fine a level of granularity as we want, given that our level of accuracy is 1 μs. From this we can apply a unique time label to each frame, with full time of day and calendar information, for frame rates up to 1M fps.
The SMPTE New Time Labeling group, also part of TC32NF80, is defining a new way to label media objects. Current proposals describe time labels which contain:
The epoch used (SMPTE,
o If frames, then the frame rate and whether drop-frame counting is used. o If seconds, then the resolution (ms, μs, ns).
A media object can have multiple labels, so you can label both the frame number and the time of capture, for example.
Frequency Generation
An accurate local clock means an accurate frequency. This can be used as the reference for video and audio clock generators.
In the current model, the black-and-burst reference has a close relationship with the video clocks to be generated, at least for the default video format in any particular facility. In multi-format facilities there may be multiple black-and-burst reference generators, or equipment may be able to genlock to a "foreign" reference using fractional division techniques.
With PTP, you could say that the reference is foreign to all media clocks, and indeed a PTP based genlock is more complex than a single format black-and-burst based one.
PTP slaves designed for existing markets typically generate clocks at multiples of 5MHz, and a one-pulse-per-second (1PPS) signal. These are not immediately applicable for video and audio clock generation.
PTP timing signals over the network are also far less frequent and less reliable than blackand-burst signals, so a PTP based genlock has to have holdover capability (the ability to continue to generate accurate timing signals in the absence of good reference data) that is orders of magnitude better than a black-and-burst genlock's. It can be many seconds, even minutes, before a PTP slave is confident that it has correctly determined its error vs the grandmaster. Its local clock generator needs to ride out this period of doubt. Timing accuracy of 1 μs over a few minutes needs a holdover accuracy of a few parts per billion (PPB). In practice it is difficult to achieve this holdover performance using a traditional voltage controlled oscillator operating directly at the video clock frequency. A PTP based genlock is more likely to use a fixed oscillator followed by digital phase-locked-loop (DPLL) including a fractional divider.
1/1.001 Frame Rates
The interesting clock frequencies to generate are, of course, the ones associated with frame rates which are a multiple of 1/ 
CONCLUSIONS The Benefits of PTP
PTP offers a single mechanism for the distribution of genlock and time code, without the limitations of the current techniques. It covers the scale of time from nanoseconds to centuries. It enables equipment to operate with only a single network connection.
Potential Pitfalls
For simple applications which only use one of its features, PTP is more complex than the current solution. For a simple, single-format genlock it requires more complex electronics and a higher specification (and so more costly and power consuming) local frequency reference. For time code it is more complex than an LTC interface.
It also introduces very low frequency timing wander, which is a factor that we are not used to in the broadcast industry. In a properly operating system, which conforms with the SMPTE specifications, each piece of equipment will be timed to within 1 μs of the grandmaster. Within the +/-1 μs window, though, the timing is able to wander back and forth, and it almost certainly will. This means that relative timings between signals will be inconsistent over time. There is no reason why this has to be an issue, but system designers should be aware of it and design systems to accommodate it.
The Application of PTP
In principle PTP can be applied to any network, particularly in the broadcast industry, where reliability and QoS are paramount, so networks tend to be well managed. All networks though, however well managed, experience large and variable packet delays.
If the broadcast industry is to achieve its objective of genlocking a newly attached slave device in 5s with an accuracy of 1 μs, networks of any size will have to use transparent clocks, boundary clocks, or a combination of the two, throughout. Alternatively, the lock time could be compromised for a more generic network setup.
